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SUMMARY 


This  report  is  a  continuation  of  the  testing  of  candidate  materials  for 
use  as  uncooled  nozzles  for  a  hydrogen-fluorine  laser  system  currently 
being  developed  by  the  Defense  Advanced  Research  Projects  Agency  (DARPA) , 
the  Air  Force  Weapons  Laboratory  (AFWL),  and  the  Missile  Research  and 
Development  Command  (MIRADCOM). 

Data  from  36  recent  runs  in  the  hydrogen-fluorine  (HF)  test  facility 
have  been  collected,  with  emphasis  on  the  current  primary  candidates 
for  the  project — beryl lia  (BeO) ,  magnesia  (MgO) ,  alumina  (AI2O3),  and 
lanthanum  hexaboride  (LaB6)  .  Metal  lies,  including  nickel  (Ni-270), 
nickel  and  titanium  aluminides  (NiAl  and  TiAl),  scandium  (Sc) ,  and 
yttrium  (Y) ,  were  also  tested.  Single  crystals  of  AI2O3  (sapphire) 
and  MgO  were  examined.  Also  included  were  lanthanum  chromite  (LaCrO^) , 
silicon  nitride  (Si3Nlt),  and  lanthanum-silicon  oxynitride  (13203 ‘Si^N^). 

All  specimens  were  tested  to  failure  in  order  to  determine  the  surface 
temperature  of  emergence  of  rapid  reaction,  or  the  surface  temperature 
which  cannot  be  equalled  or  exceeded  without  significant  weight  and 
dimensional  changes. 

In  previous  studies  at  Y-12,  the  upper  use-temperature  for  near-zero 
corrosion  appeared  to  be  determined  by  the  stability  and  characteristics 
of  the  protective  fluoride  layer.  When  this  layer  melts,  sublimes  or 
otherwise  loses  integrity,  protection  for  the  substrate  deteriorates, 
with  the  degree  of  deterioration  at  that  point  determined  by  the  heat 
of  reaction,  viscosity  of  the  fluoride  layer,  and  its  vapor  pressure. 

The  adherence,  porosity,  and  degree  of  microcracking  of  the  layer  are 
other  determining  factors  of  the  corrosion  rate.  Whether  a  single  or 
polycrystalline  sample  is  used  appears  to  have  little  effect  on  film 
protection  (based  on  AI2O3  or  MgO  results). 

The  current  ranking  of  best  performers  for  a  low-heat-loss,  uncooled 
laser  nozzle,  in  order  of  decreasing  performance  is: 

LaB6  [lySOK]"^  >  La203-Si3Nz,  [I6OOK]  >  Sc  LaCr03  ^  Ni  NiAl  ^  Y 

[litSOK]  >  MgO  [I3OOK]  >  BeO  ^  AI2O3  ^  TiAl  [1200K]  >C  [lOOOK]. 

LaB^  is  approximately  300K  "better”  than  metal  lies,  which  would  also 
have  low  strengths  and  low  creep  resistance  at  ^  lAOOK  making  it  difficult 
to  maintain  dimensional  tolerances.  Thus,  the  practical  upper  use- 
temperatures  of  metal  lies  may  be  well  below  their  approximate  zero-reaction 
temperatures . 


■^App 


roximate  zero-reaction 


temperature  rounded  to  nearest  50K. 
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After  ten  runs  on  a  single  LaB^  sample  with  87  minutes  at  flame  temperatures 
>  I7OOK,  the  cumulative  weight  loss  was  less  than  0.6%  with  virtually  no 
detectable  dimensional  changes.  Even  after  "failure",  the  corrosion  was 
not  catastrophic  as  the  fluoride  layer  appeared  viscous  and  relatively 
protective,  as  only  0.96^  cumulative  weight  loss  occurred  and  sample  con¬ 
figuration  was  retained.  A  further  experiment  demonstrated  the  thermal 
shock  resistance  of  the  material  by  direct  heating  of  LaB^  in  a  3000K  flame 
and  subsequent  rapid  cooling.  There  was  no  indication  of  thermal  shock 
cracki ng . 

In  addition  to  HF  testing,  a  materials  test  chamber  assembly  has  been  designed 
and  constructed.  Initial  operation  will  begin  shortly,  followed  by  testing 
of  C,  MgO,  AI2O3,  and  LaB^  two  and  three-dimensional  configurations. 


5 


INTRODUCTION 


The  HF  (hydrogen-fluoride)  chemical  laser  requires  high-temperature, 
hydrogen-fluoride  molecules  that  are  excited  to  an  elevated  vibrational 
state  and  allowed  rapid  expansion. 

The  principal  nozzle  material  previously  considered  was  nickel  —  requiring 
internal  cooling  and  thus  special  machining  for  coolant  flow,  as  well  as 
creating  reduced  lasing  efficiencies  from  the  high  energy  losses  through 
the  flowing  coolant.  Therefore,  Interest  has  developed  in  uncooled  nozzle 
materials  in  the  activity  entitled  "Advanced  Low-Heat-Loss  Nozzle  Research 
Program." 

( 1  2) 

In  previous  reports  ’  the  design,  construction,  and  operation  of  the 
HF  test  facility  has  been  outlined,  including  the  results  of  the  initial 
screening  phase  of  the  program  and  the  testing  of  over  100  samples.  The 
initial  materials  selection  criteria  was  also  previously  discussed. 

This  report  covers  the  continuation  of  materials  testing,  particularly 
relating  to  the  determination  of  the  relative  upper  use-temperature  for 
neai — zero  corrosion.  Aiso,  the  preliminary  design  and  construction  of 
a  materials  test  chamber  assembly  is  presented. 
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SECTION  I.  EXPERIMENTAL:  DESIGN  AND  FABRICATION  OF  A  MATERIAL 
TEST  CHAMBER  ASSEMBLY 

Upon  completion  of  the  screening  phase  encompassing  the  testing  of  1-inch- 
diameter  cyl  indr  i  cal  specimens,  a  new  testing  phase  will  be  conducted.  In 
addition  to  the  chemical  and  temperature  effects,  the  erosion  effects  of 
the  HF  torch  gases  on  test  materials  will  be  evaluated.  Initial  exploratory 
runs  will  be  conducted  in  a  test  chamber  design  as  shown  in  Figure  1. 

Selected  materials  will  be  fabricated  as  test  plates,  drilled  with  a  pre¬ 
scribed  number  of  holes,  and  fastened  to  the  bottom  of  the  chamber. 

Initial  runs  will  be  made  with  36  drilled  holes,  1.016  mm  diameter,  set 
in  a  square  array  on  5.59  mm  centers.  A  sight  port  with  a  sapphire  or 
calcium  fluoride  window  will  permit  observation  of  the  flame  and  its  effect 
on  the  test  plate.  The  temperature  of  the  test  plate  will  be  determined 
with  a  1 .0-mm-d iameter  thermocouple,  inserted  from  the  side,  and  pyrometer 
readings  taken  through  the  sight  port.  A  pressure  tap  connected  to  a 
pressure  gage  will  monitor  the  pressure  in  the  chamber.  Maximum  pressure 
should  not  exceed  approximately  5  psig.  Provision  has  also  been  made  in 
the  chamber  design  to  reduce  the  distance  between  the  nozzle  tip  and  the 
test  plate  as  desired.  This  may  be  required  if  gas  flow  rates  need  to  be 
reduced.  The  deflection  ring,  shown  in  Figure  1,  is  designed  to  reduce  eddy 
flows  and  the  possibility  of  accelerated  corner  corrosion. 

The  chamber  will  be  threaded  onto  the  existing  Monel  nozzle  assembly  within 
the  large  Monel  test  chamber  to  permit  easy  installation  and  removal. 
Initially,  the  chamber  will  be  fabricated  from  ATJ  graphite  because  of  its 
low  cost,  easy  machinabi 1 Ity,  and  low  corrosion  rate  in  a  fluorine  environ¬ 
ment  at  temperatures  below  700°C. 

The  nozzle  currently  in  use  for  specimen  testing  was  also  redesigned.  Instead 
of  a  tapered  coaxial  converging  flame,  the  new  design  will  provide  a  broader 
flame  front  to  equalize  temperatures  and  exposure  on  the  broader  sample 
plates . 

SECTION  II.  EXPERIMENTAL:  OPERATION  OF  MATERIALS  TESTING  FACILITY 
A.  MATERIALS  TESTING  RUNS 

Thirteen  different  materials  were  investigated  with  36  separate  runs 
in  the  HF  test  facility.  For  nonmetal  lie  specimens,  a  nickel  sample 
holder  was  used.  For  metallic,  either  a  nickel  or  a  graphite  (thermal 
conductivities  are  approximately  equal  to  or  above  1073K)  sample 
holder  was  used  with  a  thin  ('V'  1.5  mm)  alumina  disc  placed  between 
the  metal  and  sample  holder  to  ensure  relative  thermal  isolation. 

For  rod  specimens  (supplied  by  TRW),  a  nickel  holder  was  used  and  the 
flame  contacted  the  rod  on  an  edge,  splitting  the  flame.  The  ends  of 
the  rod  were  isolated  thermally  by  placing  oxide  grit  (-  1.5  mm  grains 
of  AI2O3  or  MgO) ,  of  the  material  being  tested  between  the  nickel 
support  and  the  rod. 


:i sting  Mone 
zzle  Assemb 


Graph i 
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A  programmed  heating  cycle  was  used  for  nonmetal  11c  specimens  (except 
for  one  LaB^  and  one  LaCrOo  sample)  to  minimize  the  possibility  of 
thermal  shock,  as  previously  discussed. Because  of  the  improved 
performance,  it  was  found  necessary  when  testing  certain  materials  to 
use  higher  flame  temperatures  than  previously  employed .(1 >2)  This 
was  necessary  to  reach  the  surface  temperatures  at  which  failure  occurs. 
Characteristically,  these  materials  had  high  thermal  conductivities 
and  high  thermal  resistances.  Although  not  strictly  correct,  a  linear 
extrapolation  of  an  existing  theoretical  flame  temperatures  plot  from 
lAOOK  to  2400K  for  various  helium,  2F2/H2  mixtures,  was  used  to  attain 
temperatures  ranging  from  2400K  to  3000K.  Recent  computer  calculations 
have  indicated  that  these  extrapolated  values  were  in  error  at  higher 
temperatures  and  necessary  changes  in  the  run  data  presented  in  Appendices 
I  and  II  have  been  made  accordingly.  In  the  most  extreme  case,  the  cal¬ 
culated  flame  temperature  was  determined  to  be  2853K  instead  of  the 
predicted  3015k.  In  only  one  instance  (Run  HF-102  on  LaB^)  was  it  found 
necessary  to  use  a  flame  estimated  to  be  in  excess  of  3000K.  This  was 
effected  by  decreasing  the  fluorine/hydrogen  ratio  from  2  to  1.2. 

Run  data  presenting  gas  flows,  theoretical  flame  temperatures,  run  cycle 
times,  and  recorded  temperatures  are  presented  in  Appendix  I.  A  change 
has  been  made  in  the  data  presentation.  The  temperature  profile  of  the 
test  chamber,  previously  measured  with  four  thermocouples,  is  no  longer 
reported.  It  is  felt  this  data  is  not  significant  in  our  current 
investigations. 

A  summary  of  the  run  data,  any  dimensional  and  weight  changes  in  the  test 
specimens,  plus  visual  observations  are  presented  in  Appendix  II. 

B.  TEMPERATURE  MEASUREMENTS  AND  THERMOCOUPLE  EXPERIMENTS 

The  experiments  have  been  monitored  with  both  a  manual  and  an  automatic 
pyrometer.  Pyrometer  readings  required,  from  calibration  studies,  a 
+15  to  +25K  correction  (depending  upon  temperature)  for  the  combined  3”mm- 
thick  sapphire  and  12.7~mm-thick  quartz  windows  in  the  view  port.  A 
recent  recalibration  showed  approximately  no  change  in  the  calibration 
in  the  period  covered  by  this  report.  The  manual  pyrometer  readings 
utilized  a  mirror,  which  requires  an  additional  temperature  correction 
of  +20K.  The  manual  pyrometer  permitted  temperature  readings  as  low  as 
IO5OK,  while  the  automatic  pyrometer  began  recording  at  II38K.  Slightly 
higher  temperature  readings  normally  resulted  with  the  manual  pyrometer 
because  of  the  ability  of  the  operator  to  selectively  read  the  hotter 
areas  on  the  specimen  and  discriminate  from  interfering  gases  being 
released  from  some  samples.  The  automatic  pyrometer,  however,  remains 
in  a  fixed  attitude  and  averages  the  light  emitted  from  the  center  of 
the  specimen  with  a  large  reticle  spot  without  regard  for  local  anomalies 
and  interference. 
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Uncertainty  typically  exists  concerning  surface  temperatures  determined 
by  optical  pyrometry,  because  of  nonblackbody  emissivity  corrections. 
Further  uncertainties  arise  because  of  the  thin,  possibly  opaque, 
fluoride  layer.  In  an  effort  to  define  true  surface  temperatures, 
further  thermocouple  experiments  (as  described  previously(2) )  were 
conducted  with  alumina  and  are  planned  with  LaBg,  MgO,  Ni-270,  NiAl, 
and  C.  In  these  experiments,  four  n ickel -sheathed ,  Pt-Pt/10  Rh 
thermocouples,  1.02  mm  in  diameter  are  placed  into  1.5  mm  dia.  holes 
drilled  in  the  typical  2.5^-cm-dia. ,  1.27“cm-high  cylinder.  One  thermo¬ 
couple  (#4)  is  very  slightly  1  mm)  off-center,  6.6  mm  (0.26  in)  down 
from  the  top  surface  and  another  (#2)  is  6. A  mm  from  the  axis,  1.0  mm 
down  from  the  top  surface.  The  fourth  thermocouple  (#1)  is  6.4  mm  from 
the  axis  of  the  disc  contacting  the  bottom  surface.  The  thermocouples 
were  monitored  with  a  multipoint  recorder  capable  of  making  ten  measure¬ 
ments  per  minute  for  each  thermocouple.  During  these  runs  (HF-130, 
HF-131,  HF-132),  both  manual  and  automatic  pyrometer  readings  were  taken 
along  with  visual  observations. 

Two  of  the  alumina  runs  (HF-130  and  HF-I3I)  were  designed  to  maintain 
surface  temperatures  below  those  previously  found  to  result  in  signifi¬ 
cant  corrosion.  The  other  run  (HF-132)  was  designed  to  exceed  the 
failure  point.  Further  discussion  of  these  runs  may  be  found  in 
Section  I  I  I .B.3. 

C.  BERYLLIUM  OXIDE  TESTING  RUNS 

In  the  present  operation  of  the  facility,  exhaust  gases  from  the  test 
chamber  are  discharged  directly  to  the  plume  of  the  building  ventilation 
stack.  Because  of  the  toxicity  of  finely  divided  Be  compounds,  it  was 
necessary  to  meet  specific  industrial  hygiene  requirements  to  permit 
testing  of  BeO  in  this  device.  A  stainless  steel  filter  unit  with  a 
porous  Monel  element  having  4  ft^  of  filter  area  and  a  removal  rating  of 
100^  for  1.0  ym  size  particles  was  installed  in  the  2-inch  exhaust  line. 
During  the  specimen  testing  runs,  the  filter  performed  satisfactorily, 
and  there  was  no  observable  differential  pressure. 

Upon  completion  of  the  runs,  the  test  chamber  was  determined  to  be 
highly  contaminated  with  Be.  However,  the  contamination  in  the  exhaust 
piping  adjacent  to  the  filter  and  at  the  filter  was  found  to  be  below 
acceptable  levels.  After  a  complete  cleaning  of  the  chamber  with  TF 
Freon  and  water  and  additional  contamination  tests,  the  equipment  was 
deemed  acceptable  to  permit  resumption  of  normal  operations. 

SECTION  111.  RESULTS  AND  DISCUSSION 

A.  GENERAL  DISCUSSION  OF  TEST  RESULTS 

The  materials  used  in  the  high-temperature  hydrogen  fluoride  tests 
are  characterized  by  the  data  presented  in  Tables  1  and  2.*  Most 


*Note  that  SiC  is  characterized  in  Tables  1  and  2  since  the  data  were 
not  yet  determined  at  the  issue  date  of  the  previous  report. (2) 
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Table  2 

PHYSICAL  PROPERTY  DATA 


Material s 

Bulk  Density^ 
(g/cm3) 

Real  Density^ 
(g/cm3) 

Open  Porosity^ 

(^0) 

BeO  (Y-12) 

3.00 

3.02 

0.6 

BeO  (Berlox) 

2.87 

2.87 

0.1 

MgO  Single  Crystal 

3.60 

3.60 

0 

Sapphire  (AI2O3) 

Single  Crystal 

3.99 

3.99 

0 

AI2O3  (Coors) 

3.91 

'  3.91 

0 

SC2O3 

3.k3 

3.76 

8.9 

LaCr03^^ ) 

6.08 

6 . 26 

2.9 

SiC 

2.95 

2.95 

0.1 

LaB6 

4.56 

4.57 

0.2 

Si3Ni4  (MgO  doped) 

3.16 

3.19 

0.9 

La203*Si3N40) 

3.75 

4.70 

20.3 

^X-ray  diffraction  (XRD)  indicated  single  phase 

^XRD  indicated  major  phase  =  3  -  Si^N/i;  intermediate  phase  =  a  -  Si3Nij 
^Determined  by  mercury  porosimeter 
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samples  were  purchased  as  hot-pressed  cylinders,  nominally  >  SS%  pure, 

>  30%  dense.  Sapphire  and  magnesia  single  crystals  in  the  typical 
cylindrical  shape  were  also  obtained.  Lanthanum  chromite  (LaCr03), 
a  candidate  material  for  magnetohydrodynamic  (MHD)  generator  channels, 
was  purchased  as  a  pressed-and-s intered  cylinder.  The  silicon  nitride 
materials  (Si^N/j  and  La203*Si3N4)  were  hot  pressed  at  Y-12. 

The  testing  results  are  presented  in  detail  in  Appendix  II.  Only  for 
$020^  did  catastrophic  thermal  shock  failure  prohibit  obtaining  any 
surface  temperature  information.  Since  the  SC2O3  sample  was  >  30% 
dense,  it  appears  that  Group  NIB  oxides  (also  Y2O3)  have  such  poor 
thermal  shock  resistance  that  they  are  unsuitable  for  this  application. 
For  rather  porous  Y2O3  samples,  such  cracking  was  previously  considered 
to  result  from  YF3  vapor-pressure  buildup  in  the  pore  blockage.  Testing 
of  a  near-100^  dense  Y2O3  specimen  is  planned  to  attempt  to  verify  the 
cause  of  such  behavior. 

Lanthanum  chromite,  LaCr03,  while  not  reacting  rapidly  with  2F2/H2, 
forms  a  very  thick  fluoride  film.  This  film  measured  0.029  inch  thick 
on  the  top,  O.O3I  inch  thick  on  the  side  of  the  cylinder  near  the  top, 
and  is  readily  flaked  off.  The  film  was  identified  as  LaF^  by  X-ray 
diffraction.  This  indicates  that  the  chromium  fluorides  (probably 
CrF2  and  CrF3)  volatilize.  Since  some  melting  of  the  film  occurred, 
possibly  a  eutectic  LaF3/CrF2  occurs  first,  causing  some  flow  before 
CrF2  vaporizes.  The  porous  nature  of  the  residual  LaF3  film  probably 
depends  on  the  atomic  packing  characteristics  of  the  substrate  and 
the  number  and  size  of  the  atoms  which  react  and  volatilize.  The 
atomic  density  (atoms/cc)  of  the  atoms  removed  by  fluorination  compared 
to  the  atomic  density  of  residual  (nonvolatile)  atoms  should  determine 
the  relative  density  (and  thus  protection  from  further  reaction)  of  the 
fluoride  layer  that  forms.  In  the  case  of  LaCrO^,  the  LaF3  layer  that 
forms  is  too  porous  to  be  very  protective  and  thus  considerable  corrosion 
occurs.  It  should  be  noted  that  the  material  appears  to  have  excellent 
thermal  shock  resistance  since  it  withstood,  with  no  apparent  cracking, 
direct  heating  with  a  2400K  flame  followed  by  subsequent  rapid  cooling. 
LaCr03  is  also  not  water  reactive. 

The  comparable  maximum  surface  temperature  for  near-zero  corrosion 
determined  for  twelve  different  materials  is  shown  in  Table  3.  Test 
results  for  specific  materials  will  be  discussed  later  in  the  report. 

Note  that  emissivities  of  0.4  are  assumed  for  nonmetal  lie  specimens 
and  0.5  for  metallic  specimens.  While  this  is  arbitrary,  it  does 
indicate  maximum  surface  temperatures  for  there  would  be  some  emissivity 
correction.  Oxide  emissivities  are  typically  in  the  0.2-0. 5  range, 
while  a  graybody  (0.5)  is  a  fair  estimate  for  metals. 

Considering  1400K  as  a  lower  maximum  surface  temperature  for  candidate 
materials,  only  LaB^,  La203"Si3Nij,  Sc,  LaCr03,  Ni,  NiAl,  and  Y  would 
be  included.  Because  of  its  poor  film  characteristics,  LaCr03  would 
probably  be  eliminated. 
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From  NBS  Monograph  30. 
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The  temperatures  given  in  Table  3  were  determined  by  observing  the 
surface  temperature  at  which  the  fluoride  film  ceases  to  be  pro¬ 
tective.  In  some  cases,  the  "break  point"  could  be  seen  on  the 
pyrometer  traces  by  a  discontinuous  rapid  rise  in  temperature  from 
the  exothermic  reaction  as  the  material  is  no  longer  protected  by 
a  fluoride  film.  For  rod  specimens  (HF-116  and  HF-114),  when  such 
a  "break  point"  occurred,  very  rapid  reaction  led  to  complete  corrosion 
of  the  specimen  so  that  the  "after  reaction"  temperatures  (noted  by 
<<  in  Table  3)  could  be  recorded  and,  possibly,  the  last  manual  pyrom¬ 
eter  reading  before  the  very  rapid  reaction. 

Perhaps  the  most  difficult  maximum  surface  temperatures  to  obtain  are 
for  subliming  fluorides,  since  the  "break  point"  is  a  gradual  tran¬ 
sition  to  ever-increasing  rates  of  reaction,  as  with  graphite  and 
alumina.  Therefore,  all  graphite  data  from  previous  report(l>2)  has 
been  plotted  and  is  shown  in  Figure  2.  The  assumption  is  made  that 
if  the  surface  temperature  was  <  lOOOK,  the  surface  temperature  is 
equal  to  the  base  thermocouple  temperature.  The  glassy  carbon  run 
(HF-13)  is  normalized  for  a  1 .2-cm  (0.5  in)-thick  specimen.  The 
data  (excluding  the  zero-corrosion  samples)  are  fit  to  a  least-squares 
straight  line  which  yields  a  maximum  surface  temperature  of  1009K 
excluding  emissivity,  and  for  e  =  0.9,  lOl^K. 

B.  DISCUSSION  OF  TEST  RESULTS  FOR  SPECIFIC  CANDIDATES 
1 .  Beryl  1 i a 

Two  grades  of  BeO  were  obtained - National  Beryl lia  Corporation 

Berlox  K-150  and  high  purity  Y-12  material.  From  Table  1  it 
can  be  seen  that  the  Y-12  grade  contained  <  AOO  wppm  Li  as  its 
main  impurity,  whereas  the  Berlox  material  has  "v  0.5^  impurities 
apparently  from  a  clay  hot-pressing  aid. 

The  data  for  maximum  surface  temperature  with  near-zero  corrosion 
are  based  on  the  rapid  rise  in  surface  temperature  above  the  points 
noted  in  Table  3-  Figure  3  shows  the  temperature  versus  time  data 
for  Berlox.  The  data  for  the  Y-12  material  is  shown  in  Figure  4. 

For  Berlox,  the  film  created  an  initially  darker  appearance  on  the 
top  surface  of  the  sample  during  the  run  as  compared  to  the  edges. 

This  is  attributed  to  the  thicker  film  on  top  as  compared  to  the 
edge.  Because  of  this  initial  darker  appearance,  it  was  possible 
to  note  when  the  top  and  edges  appear  equally  hot.  The  temperature 
where  this  occurred  coincided  with  the  point  where  surface  temperature 

began  to  rapidly  rise - or  where  film  protection  ceased.  The  darker- 

film  phenomena  did  not  occur  for  the  Y-12  BeO  so  that  it  may  be 
impuri ty- related .  The  Y-12  grade  appeared  to  survive  65K  higher 
surface  temperatures  before  failure. 


Figure  2.  CORROSION  RATE  DATA  FOR  CARBON. 


Manual  Pyrometer 
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Manual  Pyrometer 
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Time  (minutes) 

Figure  4.  TEMPERATURE  VERSUS  TIME  CURVE  FOR  Y-12  BERYLLIA  EXPOSED  TO  2F2/H2  (Run  HF-134). 
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The  melting  temperature  of  BeFo  is  from  825”1075K,  and  an 

oxyfluoride  (2BeO"5BeF2)  may(^5^  or  may  not(5)  exist - melting  at 

1025K.(^)  Therefore,  the  maximum  surface  temperature  for  near-zero 
reaction  (Table  3)  of  BeO  is  reasonable,  especially  since  both  the 
fluoride  and  oxyfluoride  would  be  present  as  a  glass  with  viscosity 
decreasing  with  increasing  temperature  past  its  melting  range.  That 
BeO  reacts  rapidly  at  1273Kwith  F2  had  also  been  established  in  an 
earlier  General  Electric  Company  study(^)  of  refractories  in  halogen 
envi ronments . 

2.  Magnesia 

Previous  tests  on  magnesia  (MgO)  were  aimed  at  determining  the  maximum 
flame  temperature  for  near-zero  corrosion.  A  surface  temperature  of 
11 58k  was  reported  with  a  2200K  maximum  flame  temperature  (HF-73)  . 
Reexamining  Run  HF-74  where  MgO  failed  at  a  flame  temperature  of  2320K, 
a  "break  point"  of  1248K  was  determined  after  which  the  temperature 
rapidly  rises  to  I56OK  (emissivity  of  0.4,  +100K  included).  This  data 
is  shown  in  Table  3  along  with  the  Runs  HF-I37  (single  crystal)  and 
HF-116  (rod  specimen).  The  single  crystal  run  was  almost  identical  to 
the  polycrystalline  MgO  run.  A  "break  point"  occurred  at  1241 K  after 
which  a  rapid  temperature  rise  to  1464K  (emissivity  of  0.4,  +84K  included) 
occurred.  Therefore,  it  appears  that  (1)  there  is  little  or  no  effect  of 
grain  boundaries  for  MgO;  (2)  fluoride  film  protection  on  MgO  ceases 
at  I5O-I75K  below  the  eutectic  (MgF2-MgO)  temperature  of  1487K;  and  (3) 
the  exothermic  heat  of  reaction  forming  MgF2  after  film  protection  is 
lost  is  a  large  additional  heat  source  causing  the  discontinuous  rapid 
rise  in  temperature  to  or  somewhat  above  the  eutectic  temperature.  In 
fact,  for  the  MgO  single  crystal,  HF-137>  the  eutectic  (MgF2-MgO)  caused 
a  characteristic  endothermic  drop  in  the  recorded  temperature  (automatic 
optical  pyrometer).  This  cooling  was  observed  visually  for  a  few 
seconds.  No  flow  (He,  H2,  F2)  changes  had  occurred.  The  liquid  surface 
layer  was  previously  determined  to  be  the  eutectic  oxide-fluoride  mixture 
by  X-ray  diffraction  of  a  melted  droplet. 

3.  Alumina 

Further  tests  on  alumina  (AI2O3)  have  involved  the  thermocouple  experi¬ 
ments  to  further  define  the  surface  temperature.  The  temperature  versus 
time  data  are  shown  in  Figure  5  for  surface  temperatures  less  than  that 
where  film  stability  ceases,  and  in  Figure  6  for  temperatures  above 
the  maximum  surface  temperature  for  near-zero  corrosion.  As  previously 
reported,  the  AT  between  top  and  bottom  thermocouples  was  approximately 
zero  for  the  first  30  seconds  of  heatup,  until  the  specimen  was  above 
^  6OOK.  The  AT  then  increases  continuously  reaching  200K  maximum. 

The  pyrometer  readings  and  top  thermocouples  agree  well  below  llOOK 
(where  emissivity  corrections  are  generally  <  50K)  and  are  only  50-lOOK 
different  above  llOOK.  The  Run  HF-132  showed  a  "break  point"  in  the 
top  thermocouple  scan,  indicating  the  film  failure  point.  Such  a  "break 
point"  occurred  with  another  run  (HF-135)  on  the  automatic  pyrometer  scan. 
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These  "break  points"  were  rarely  seen  with  AI2O2  specimens — probably 
because  the  automatic  pyrometer  initiation  point  and  the  film  failure 
points  are  so  similar. 

The  single  crystal  (HF-121)  of  AI2O2  appeared  to  react  like  the 
polycrystalline  material,  except  with  a  possibly  higher  corrosion 
rate.  By  X-ray  diffraction,  the  index  of  the  face  of  the  sapphire 
single  crystal  which  was  exposed  to  the  torch  was  the  (OlO),  Thus, 
this  face  may  result  in  somewhat  more  favorable  reaction  kinetics. 

The  data  from  all  alumina  runs  (excluding  Run  HF-22  with  specimen 
off-centered  and  erratic  gas  flows  and  HF-2A  with  a  cracked  specimen 
and  lost  process  He)  are  shown  in  Figure  7.  Sapphire  runs  are  circled. 
Data  from  two  cracked  specimens (*)  are  shown  to  indicate  the  accelerated 
rate  of  reaction  if  cracking  occurs.  Below  llOOK,  the  surface  tempera¬ 
ture  was  estimated  from  base  thermocouple  data  and  data  from  Run  HF-90. 
From  this  curve,  the  maximum  zero-corrosion  temperature  appears  to  be 
lllOK;  or  with  emissivity  corrections  for  e  =  0.4,  "v  1165K. 

4.  Lanthanum  Hexaboride 

(2) 

As  mentioned  previously,'  lanthanum  hexaboride  (LaB^)  forms  a  white 
adherent  fluoride  film  immediately  on  initial  exposure  to  a  fluorine/ 
hydrogen  environment.  The  white  film  is  a  strong  contrast  to  the 
bluish  purple  LaBg  and  by  scanning  electron  microscopy  was  shown(2) 
to  be  loo  pm  (0.004  in)  thick  after  34  minutes  of  exposure  to  2F2/H2 
flame  temperatures  >  I7OOK.  Further  testing  of  LaB^  involved  increasing 
flame  temperatures  above  2400K  to  3000K  in  'v  100K  increments  (Runs  HF-96 
to  HF-103).  After  ten  runs  on  a  single  sample  with  a  total  of  87  minutes 
at  flame  temperature  >  I7OOK,  the  cumulative  weight  loss  was  less  than 
0.6^  with  virtually  no  detectable  dimensional  changes.  In  fact,  weight 
losses  tended  to  decrease  somewhat  as  the  flame  temperatures  increased. 
The  LaF3  coatings  appeared  to  sinter  or  densify  with  high  temperature 
exposure  for  prolonged  periods.  The  LaF3  layer  may  also  become  more 
protective  and  thinner  as  the  surface  temperature  increases. 

After  10.75  minutes  of  3000K,  2F2/H2  flame  temperature  (HF-102),  with 
no  observable  corrosion,  the  temperature  was  further  increased  by 
decreasing  the  fluorine  flow  to  I.2F2/H2.  At  this  point,  some  film 
flowing  was  visually  observable,  yet  n£  dramatic  temperature  increase 
characteristic  of  surface  exothermic  reaction,  when  protection  from  a 
fluoride  film  ceases,  occurred.  The  LaF^  film  appeared  viscous  and 
protective.  Observable  flowing  of  the  LaF^  film  occurred  in  a  tempera¬ 
ture  range  of  I6I6-I636K  (uncorrected  for  emissivity).  Adding  120K  for 
£  =  0.4,  the  maximum  use  range  is  1736-1756K.  Even  after  "failure", 
the  sample  retained  its  configuration  and  catastrophic  corrosion  did 
not  occur. 
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A  further  experiment  (HF-103)  demonstrated  the  thermal  shock  resistance 
of  the  material.  Direct  heating  of  LaBg  in  a  3000K  flame  and  subsequent 
rapid  cooling  after  equilibration  by  instantaneously  securing  the  flame 
showed  no  indication  of  thermal  shock  cracking.  Conventional  non- 
metal  lie  specimens  require  the  programmed  heating  cycle  to  avoid  frag¬ 
mentation.  Other  than  graphite,  LaB^  and  LaCrO^  (mentioned  previously) 
are  the  only  nonmetal  lie  specimens  that  have  withstood  direct  heating 
with  a  flame  temperature  >  2000K.  [Note:  BeO  was  not  tested  by  direct 
heating  and  would  possibily  have  survived  this  thermal  shock  without 
cracking . ] 

Figure  8  shows  the  LaBg  sample  after  all  the  2F2/H2  torch  tests.  The 
shape  retention  is  readily  seen.  A  closeup  of  the  sample  is  shown  in 
Figure  9,  where  the  LaF^  film  and  the  "teardrops"  of  clear,  melted 
LaF^  are  very  noticeable.  The  flame  velocity  caused  sufficient  surface 
film  flowing  to  create  these  small  drops,  yet  very  little  change  in 
the  top  surface  of  the  specimen  occurred. 

To  summarize,  these  experiments  indicate  that  LaB^  can  withstand  surface 
temperatures  of  1736K  to  1756Kwlth  near-zero  corrosion.  Previously, 

the  vaporization  of  LaF^  was  demonstrated  to  be  low - below  1640K. 

No  corrosion  would  be  expected  below  that  temperature.  The  excellent 
behavior  of  LaBg  probably  results  from  the  adherent,  relatively  dense 
LaF^  coating  which  may  have  a  microcracking  stress  relief  mechan i sm. (2) 
The  dense  coating  probably  results  from  the  relatively  high  atomic 
density  (atoms/cc)  of  LaBg.  Even  after  melting,  the  LaF^  film  remains 
intact  minimizing  reaction  of  the  LaB^  substrate.  The  excellent  thermal 
shock  resistance  and  machining  possibilities  (with  electronic  techniques 
because  of  its  electrical  conductivity)  are  additional  factors  favoring 
this  material  as  a  nozzle  candidate. 

5 .  Metal  1 i cs 

Because  of  their  high  thermal  conductivities,  it  was  difficult  to  heat 
metallic  materials  to  a  sufficiently  high  temperature  to  induce  failure. 
However,  by  using  the  higher  flame  temperature  (2lt00-3000K) ,  as  with 
LaB^,  it  was  possible  to  achieve  surface  temperatures  sufficiently  high 
for  breakdown  of  their  fluoride  films.  This  point  was  followed  in  all 
cases  by  catastrophic  failure  resulting  from  the  heat  input  from  the 
exothermic,  uninhibited  fluoride  reaction  plus  the  heat  being  trans¬ 
mitted  by  the  flame. 

Considering  Table  3,  TiAl  reacted  at  virtually  the  same  temperature 
as  AI2O3,  which  is  reasonable  since  AIF^  is  the  protective  layer  for 
both.  However,  NiAl  reacted  at  the  NiF2  melting  point  which  is  over 
200K  higher  than  the  AIF3  film  failure  temperature.  The  only  apparent 
advantage  of  NiAl  overpureNl  is  that  NiAl  melts  at  1920K  compared  to  a 
Ni  melting  point  of  1725K.  Yttrium  also  reacted  catastrophically  when 
the  melting  point  of  YF3  was  exceeded  by  shattering  completely  into 
pieces  as  it  reacted. 


Figure  8.  LANTHANUM  HEXABORiDE  SAMPLE  AFTER  HIGH-TEMPERATURE  2F2/H2  TES 
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Figure  9.  LANTHANUM  HEXABORIDE  SAMPLE— CLOSEUP  SHOWING  MELTED  LaF3  SURFACE  AND  "TEARDROPS". 
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Melted  droplets  from  NlAl,  Ni,  and  Sc  were  analyzed  by  X-ray  diffraction 
from  samples  near  the  center  of  the  droplets.  Only  the  respective  metals 
were  detected.  Thus,  the  Sc  data  are  somewhat  anomalous,  (t  appears 
that  ScF^  ceases  to  be  protective  (spalls  off,  cracks,  or  otherwise  fails) 
approximately  300K  below  its  reported  melting  point.  When  failure  occurs, 
as  with  all  the  metal  lies,  a  large  jump  in  surface  temperature  occurs, 
resulting  in  melting  of  the  metal  substrate. 

While  the  maximum  surface  temperature  from  near-zero  corrosion  of  the 
metallic  specimens  (excluding  TiAl)  are  relatively  high,  these  temperatures 
represent  1S~^5%  of  the  substrate  melting  points  (Tm) .  Significant  loss 
of  high-temperature  strength  and  configurational  stability  would  be 
expected  when  diffusional  creep  occurs  (over  0.7  Tm  in  ‘’K)  .  Also,  if  film 
failure  occurs,  the  resulting  rapid  deterioration  of  the  part  would  be 
unacceptable. 

6.  SILICON  NITRIDE  AND  LANTHANUM-SILICON  OXYNITRIDE 

Silicon  nitride,  Si^Nij,  (with  S%  MgO  additive)  was  the  only  nonfluoride- 
film  former  listed  in  Table  3.  That  sample,  HF-127,  reacted  at  all  ob¬ 
servable  temperatures,  becoming  catastrophic  above  1450K  where  no  protection 
from  the  MgO  dopant  would  occur.  Weight  loss  was  excessive,  29.31  after 
k  minutes  of  2215  K  flame  temperature.  Its  behavior  may  be  compared  to 
SiC,  another  nonfilm  former,  which  lost  27  weight  %  after  4.5  minutes  at 
2000  K  flame  temperature.  The  Si^Ni^  sample  had  a  thin,  friable,  lace¬ 
like  coating  after  the  run.  This  was  identified  by  X-ray  diffraction  as 
MgF2. 

Because  of  the  low  thermal  expansion  and  good  mechanical  properties,  silicon 
nitride  is  considered  to  be  a  high  toughness  ceramic  and  is  under  study  for 
turbine  blade  applications.  For  rigorous  thermal  changes  it  would  appear 
to  be  a  good  candidate  material.  For  a  2F2/H2  environment,  however,  it 
reacts  rapidly — presumably  forming  NFj  (or  N2T  and  SiFi^.  These  species 
are  noneutectic-forming,  volatile  fluorides.  Thus,  an  increased  dopant 
level  with  a  fluoride-film  former  could  yield  a  very  promising  material 
with  the  good  properties  of  Si^Nlj  while  forming  a. protective  fluoride 
layer.  For  this  reason,  the  compound  La203’Si3N/jW)  was  prepared  by 
reactive  hot  pressing  a  1:1  molar  mixture  of  calcined  La203  and  Si3N4 
at  1600°C  at  21  MPa  3  ksi)  for  1  hour.  From  Table  2,  it  can  be  seen 
that  the  oxynitride  was  only  80^  dense.  On  testing  in  2F2/H2,  the  specimen 
developed  cracks  even  with  programmed  heating.  Nevertheless,  the  maximum 
surface  temperature  for  near-zero  reaction  appears  quite  high  (Table  3). 
Because  of  the  porosity,  the  specimen  appeared  to  be  reacted  throughout  to 
some  extent  but  was  protected  well  from  complete  destruction,  considering 
its  high  porosity.  The  upper  use-temperature  seems  to  be  I5OK  less 
than  for  LaB^,  but  the  apparent  coating  failure  could  have  been  influ¬ 
enced  by  the  surface  cracking  and  specimen  porosity.  It  should  be  noted 
that  La203-Si3Nij  is  apparently  not  very  reactive  with  water,  since  no 
weight  change  resulted  on  immersion  of  a  sample  in  water  for  1  week. 
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The  cracking  failure  of  La203-Si3Nij  may  be  caused  by  either  a  high 
thermal  expansion  coefficient  or  by  buildup  of  SiF/j  vapor  in  the 
pores  followed  by  pore  blockage.  A  more  dense  specimen  should  be 
examined  to  resolve  the  cause  of  the  cracking.  Additionally,  the 
compound  13203 *25 i 3Nij  has  been  reported^/)  and  could  exhibit  good 
behavior  in  the  2F2/H2  environment.  Further  testing  along  these 
lines  including  doping  silicon  nitride  is  in  progress. 

CONCLUSIONS 

The  continuation  of  materials  testing  with  36  runs  in  the  HF  facility 

has  revealed  the  following: 

1.  Surface  temperatures  of  emergence  of  rapid  reaction  depend  upon 
the  failure  of  the  protective  fluoride  film  to  limit  substrate 
exposure  or  to  kinetically  inhibit  the  fluoriding  reaction. 

2.  Fluoride-film  failure  can  occur  by  melting,  sublimation,  vaporization, 
spalling,  or  microcracking.  For  most  materials,  film  failure  occurs 
at  melting  or  sublimation.  Magnesia  (MgO)  and  Sc  form  fluorides  which 
fail  to  protect  the  substrate  I5O-3OOK  below  their  respective  fluoride 
melting  points. 

3.  In  general,  when  corrosion  occurs,  materials  with  subliming  fluorides 
(i.e.,  AI2O3,  C)  have  lower  rates  of  corrosion  after  failure  and  have 
better  configurational  stability  than  materials  with  melting  fluorides. 
For  LaB^,  the  fluoride  film  is  sufficiently  viscous  to  protect  to 

some  extent  after  film  melting  to  retain  sample  configuration. 

4.  Immediately  after  failure  of  the  fluoride  film,  the  observed  surface 
temperature  rises  from  the  large  extra  heat  input  from  the  exothermic 
fluoriding  reaction  in  addition  to  the  heat  input  from  the  flame. 

5.  There  is  little  apparent  effect  of  grain  boundaries  from  single  and 
polycrystalline  AI2O3  and  MgO  runs  or  purity  (at  a  nominal  SS%  level) 
on  the  upper  use-temperature. 

6.  The  best  performers  in  the  2F2/H2  torch  on  the  basis  of  maximum  surface 
temperature  for  near-zero  corrosion: 

LaBg  [I75OK]  >  La203-Si3N4  [I6OOK]  >  (Sc,  LaCr03,  Ni,  NiAl ,  Y) 

[1450]  >  MgO  [I3OOK]  >  (BeO,  AI2O3,  TiAl)  [1200K]  >  C  [lOOOK]. 
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APPENDIX  I.  SUMMARY  OF  TEST  CONDITIONS  DURING  THE  EXPOSURE  OF  SPECIMENS  TO  A  HYDROGEN-FLUORINE  FLAME 


No.  HF-130  HF-131  HF-132 
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